Introduction
============

The angiotensin-converting enzyme 2 (ACE2), the first known human homologue of angiotensin-converting enzyme (ACE), is an important regulator of the renin-angiotensin system ([@bib4]). Since its discovery in 2000, ACE2 has been implicated in heart function ([@bib2]), hypertension and diabetes ([@bib21]). Unexpectedly, it was very recently identified as a functional receptor for the coronavirus (CoV) that causes the severe acute respiratory syndrome (SARS), serving as the cellular entry point for the SARS virus ([@bib14]). The receptor is therefore a prime target for pathogenesis and pharmacological intervention.

SARS, an acute pulmonary syndrome characterized by an atypical pneumonia that results in progressive respiratory failure and death in close to 10% of infected individuals, is responsible for the first pandemic of the 21st century ([@bib17]). SARS-CoV spreads mainly via the respiratory route ([@bib11], [@bib5], [@bib12], [@bib6]), and the lungs are the main targets ([@bib3]). The spike protein of the coronavirus (a surface glycoprotein) mediates coronavirus entry into receptor-bearing cells, after which viral replication begins in the cytoplasm ([@bib14]). Interestingly, the epidemiologic data of SARS suggested that there was an obvious predominance of young adult patients in SARS attacks. The largest outbreak of SARS struck Beijing in spring 2003 and about 2521 cases of probable SARS occurred. Attack rates were highest in those 20--39 years of age (mean age 33), which account for 53.0% ([@bib15]). The age-specific attack rates of SARS were supported by other outbreaks of SARS ([@bib23], [@bib13], [@bib9], [@bib18], [@bib1]). Some of these data also showed a slight female proneness for SARS attacks. It seems likely that aging and gender might be implicated in SARS infection susceptibility. Thus, it can be hypothesized that age- or gender-related difference of ACE2 expression in lung tissue might contribute to different pathological processes in SARS-CoV attacks.

In this study rats of both genders at three distinct ages (3 months indicates young-adult, 12 months middle-age, 24 months old) are evaluated for the characteristic of ACE2 expression in lung tissue and the effect of aging and gender on its expression, which may be helpful for the elucidation of the pathogenesis and future treatment options for SARS.

Materials and methods
=====================

Animals
-------

Healthy male and female Sprague Dawley rats were purchased from the Animal Experimental Center of Zhejiang Medical Research Institute. Upon arrival, rats were housed in a specific pathogen-free facility and kept on a 12-h light, 12-h dark cycle at 22 °C. Water and food were available ad libitum to all animals. Experiments were completed taking into account the entire age-scale encompassing the young adult, middle-aged and the old. Six groups of ten SD rats were used, at three ages of both genders: 3, 12 and 24 months to represent different stages in early, middle and later life of rats ([@bib19], [@bib16], [@bib20], [@bib10]).

Sample preparation
------------------

The rats were killed by an intraperitoneal overdose of sodium pentobarbital. The lungs were rapidly removed and immediately frozen in liquid nitrogon. Frozen tissues were transferred to a − 80 °C freezer until processed. At least three tissue blocks were examined per case from different lung regions, in both immunohistochemical study and Western blotting. The results were the mean value of three measures. All animal procedures were in accordance with guidelines set by Animals Research Committee of School of Medicine, Zhejiang University.

Immunohistochemistry
--------------------

Immunohistochemistry staining for ACE2 was performed as outlined below. Frozen sections of rat lung were cut at six-micrometer thickness, mounted on charged slides, fixed in cold acetone (Sigma), and immersed in 3% (vol/vol) hydrogen peroxide in PBS for 10 min to block endogenous peroxidase. A 1 : 2000 dilution of polyclonal rabbit anti-ACE2 (Millenium Pharmaceuticals) ([@bib4]) was applied in 5%BSA/PBS for 1 h at room temperature. Specific staining was detected with the standard ABC (avidin--biotin complex) method. Briefly, slides were incubated for 20 min with the secondary antibody (Amersham) at a concentration of 1 / 250. The Vectastain ABC system (Vector Laboratories) was then applied for 20 min. After thorough washing, the final detection step was carried out with the use of 3,3′-diaminobenzidine (Sigma) as the chromogen. Sections were lightly counterstained with hematoxylin. For the negative control, the primary antibody was replaced with normal rabbit sera (Jingmei Biotech) or PBS. These control sections do not reveal any staining ([Fig. 1](#fig1){ref-type="fig"}C).Fig. 1The immunohistochemical analysis of ACE2 expression in normal rat lung. A: Positive staining for ACE2 in alveolar epitheliums (empty arrowhead) and bronchiolar epitheliums (arrow), but no obvious signal in the bronchiolar smooth muscle cells (black arrowhead). B: ACE2 present in alveolar epithelial cells (type I black arrow and type II empty arrowhead) and capillary endothelium (black arrowhead) in larger magnification. C: Control section stained with normal rabbit serum instead of anti-ACE2 shows no staining in rat lung. Original magnification A and C, × 400; B × 800.

Western blotting
----------------

Rat lungs were quickly removed and minced with a scalpel blade, homogenized in buffer (10 mmol/L HEPES, 150 mmol/L NaCl, 1 mmol/L EGTA, 5 mmol/L MgCl~2~, and 0.02% NaN3, PH 7.4, containing 0.5 μg /mL pepstatin \[Sigma\], 0.25μg /mL leupeptin \[Sigma\], 50 μg/mL PMSF\[Sigma\]). The homogenates were then centrifuged at 1000  *g* (4 °C) for 30 min. Samples (50 μg of total protein) was loaded and run on a 10% sodium dodecyl sulfate denaturing gel, and proteins were transblotted onto nitrocellulose filters (Santa Cruz) through the use of a transfer tank at 200 mA for 90 min in 4 °C. At the end of the transfer, the filters were blocked with 10% nonfat skim milk powder in TBS containing 0.1% Tween-20 (TBST) for 1 h at room temperature with gentle rocking. The membrane was incubated with polyclonal rabbit anti-ACE2 (1 : 2000, Millenium Pharmaceuticals) ([@bib4]) and anti-βactin (1 : 2000, sigma) at a overnight at 4 °C in 1% BSA/TBST. β-actin was used as loading control. The following day, the blot was washed in 1% TBS/Tween (3 × 15 min) and then incubated in goat--anti-rabbit HRP antibody (1 : 500, Zhongshan Biotech, China) for 1 h at room temperature and washed (3 × 15 min TBST). Signal was detected using the ECL plus kit (Amersham). Exposed films of bands representing ACE2 protein were quantified on an Automated Imaging System (Kodak). Rabbit normal sera were used as negative controls. A molecular weight marker (Invitrogen) was used for estimation of the ACE2 molecular weight.

Statistical analysis
--------------------

Data were expressed in mean ± SEM. The significance of aging difference among groups was determined by one-way ANOVA with SPSS version 10.0 software followed by Tukey\'s multiple comparison tests. For comparisons gender difference between two groups, Student\'s *t*-tests were used. *P*  \< 0.05 was considered significant.

Results
=======

Localization of ACE2 in rat lung
--------------------------------

Although it had been reported that ACE2 protein was expressed in bronchus and lung parenchyma as well as in the heart, kidney and gastrointestinal tract ([@bib4], [@bib8], [@bib7]), the histocytochemical characteristics of ACE2 in lung tissue has not been elucidated adequately.

In immunohistochemical study, the major site of ACE2 protein was in alveolar type I epithelium, alveolar type II epithelium, bronchiolar epithelium, endothelium and smooth muscle cells of pulmonary vascular structure, whereas no obvious signal was detected in the bronchiolar smooth muscle cells. The ACE2 intensity of bronchiolar epithelium is similar to alveolar epithelium or endothelium of vascular structure ([Fig. 1](#fig1){ref-type="fig"}A, B), whereas Hamming et al. reported that the ACE2 content was not similar in bronchial epithelial and alveolar epithelium ([@bib7]).

Effect of age on ACE2 expression in rat lung
--------------------------------------------

ACE2 expression in rat lung was quantified by Western blot analysis. As shown in [Fig. 2](#fig2){ref-type="fig"} , an approximately 90 kDa immunoreactive band was present and its content significantly diminishes with age in rat lung of both genders. The ACE2 content is dramatically reduced in old rats of both genders: young-adult vs. old *P*  \< 0.001 (by 78% in male and 67% in female, respectively) and middle-aged vs. old *P*  \< 0.001 (by 71% in male rats and 59% in female rats, respectively), as compared to the 3-month and 12-month old groups ([Fig. 2](#fig2){ref-type="fig"}). Compared with old rats, there is only a weak decrease of ACE2 content between young-adult and middle-aged groups (by 25% in male and 18% in female, respectively).Fig. 2ACE2 protein content was decreased with age in rat lung tissue of both genders: male (A) and female (B). The amounts of ACE2 were determined by Western analysis as described in Methods section. β-actin was used as loading control. Values represent means ± SEM (*n* = 10). 3 m, young-adult group (3 months); 12 m, middle-aged group(12 months); 24 m, old group (24 months). The sizes of the molecular weight markers are shown to the right and indicate the 100 kDa and 86 kDa proteins. \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001.

The age-associated change in ACE2 protein content was also roughly shown in immunohistochemical analysis. A significant decline in the number of cells stained for this enzyme and the intensity of immunostaining in rat lung tissue was observed in both genders during the aging process ([Fig. 3](#fig3){ref-type="fig"} ).Fig. 3Immunohistochemical staining of ACE2 in rat lung of both genders at three distinct ages: female young-adult (A), male young-adult (B), female middle-aged (C), male middle-aged (D), female old (E) and male old (F). Original magnification: × 400.

Effect of gender on ACE2 expression in rat lung
-----------------------------------------------

In order to see whether there was any gender-related difference in ACE2 expression during the aging process, we compared age-associated ACE2 content between male and female rats. The results showed that there was no significant difference in ACE2 content either between young male and female rats or between middle-aged male and female rats, but a significantly higher content was found in old female rats than male (*P*  \< 0.05) ([Fig. 4](#fig4){ref-type="fig"} ). The content of ACE2 decreased by 67% and 78% in the lung of 24-month old female and male rats, respectively, as compared with 3-month old rats.Fig. 4Effect of gender on ACE2 expression in rat lung tissue during aging process. A: young adult group (3 months); B: middle-aged group (12 months); C: old group (24 months). β-actin was used as loading control. Values represent means ± SEM (*n* = 10). The sizes of the molecular weight markers are shown to the right and indicate the 100 kDa and 86 kDa proteins. \*, *P* \< 0.05.

Discussion
==========

In this study, the involvement of aging and gender in ACE2 protein expression in rat lung is explored for the first time. We assess three distinct ages (3, 12, and 24 months) and provide three major findings: 1) ACE2 is predominantly expressed in alveolar epithelium, bronchiolar epithelium, endothelium and smooth muscle cells of pulmonary vessels with similar content; whereas no obvious signal was detected in the bronchiolar smooth muscle cells. 2) There has been a significant age-specific decline of ACE2 expression in rat lung of both genders, especially during the later aging process. 3) Although the concentrations of ACE2 were similar between male and female rats in either young-adult group or middle-aged group, male rats seemed to experience more dramatic age-associated decrease in ACE2 expression than did female rats in lung tissue.

These data, although obtained from rats, may provide helpful clues to understanding the SARS pathogenesis, especially in lung tissue.

SARS is spread via the respiratory tract and is mainly a lower respiratory tract disease, causing pulmonary lesions and respiratory distress ([@bib3]). Recent studies in an autopsy series using viral isolation, culture techniques, and in situ hybridization showed that SARS-CoV is present in alveolar epithelial cells and, to a lesser extent, macrophages and bronchial epithelial cells ([@bib22]). The localization of ACE2 protein in human lung was detected very recently ([@bib7]). The results from the present study are consistent with the previous findings about SARS pathology and the coronavirus histological distribution. But in our study ACE2 content in alveolar epithelial cells and bronchial epithelial cells are similar, while Hamming et al. identified that ACE2 content was weak in bronchial epithelial. Interestingly, compared with the smooth muscle cells of pulmonary vessels, there was no obvious positive deposits are detected in the bronchial smooth muscle cells. High levels of ACE2 are seen in endothelial cells, but viral infection has not been demonstrated extensively in these cells of human tissues in previous studies ([@bib3]). These differences might be a clue for disclosing the severe vasculitis without equivalent bronchiolar inflamma tion in SARS pathology. We could postulate that the efficiency of the virus replication is distinct in different respiratory cell types although the contents of ACE2 in these cell types are similar.

Although SARS has attacked all age groups and both genders, the young adults seem to be more prone to SARS. The largest outbreak of SARS struck Beijing in spring 2003 and about 2521 cases of probable SARS occurred. Attack rates were highest in those 20--39 years of age (mean age 33), which account for 53.0% ([@bib15]). The age-specific attack rates of SARS in Beijing support findings from other outbreaks of SARS. The mean age of affected patients is 28 years in Guangzhou (190 cases) ([@bib23]), 39 years in Hongkong (138 cases) ([@bib13]) and 28 years in Singapore (20 cases) ([@bib9]), whereas it was 45 years (154 cases) in Canada ([@bib18], [@bib1]). The patients enrolled in the former 4 reports are all Chinese ethic, which might be related to the slight discrepancy between the data from Asia and from Canada. But the total tendency is obvious that age might be an independent factor for the risk of susceptibility to SARS. Considering that ACE2 serves as the cellular entry point for the SARS virus, age-related difference of ACE2 expression might be related to the highest attack rates in the young adult. However, it is inconsistent with the high mortality in old patients in these reports. But the entry of virus into the alveolar pneumocytes in the lung is only at the dawn of our understanding of the pathogenesis of SARS, there are so many unknown factors taking part in the process.

The present study shows that male rats seem to experience more dramatic age-associated decline in ACE2 protein expression. Some reports showed the ratio of male to female in SARS patients is 0.58 : 1 (70 : 120) in Guangzhou, 0.8 : 1 (174 : 214) in Hongkong and 0.33 : 1 (5 : 15) in Singapore ([@bib23], [@bib13], [@bib9]), but Liang et al. reported that male patients had similar rates as female patients in a large sample of 2521 cases of probable SARS in Beijing ([@bib15]). The slight female predominance of SARS patients in previous reports might be related to the increased likelihood of exposure among nurses in early clinical work without enough personal protection equipment.

In summary, the study gives the profile of age- and gender-related ACE2 expression in rat lung, and suggests that the more elevated ACE2 in young adults as compared to aged groups may contribute to the predominance in SARS attacks in this age group, although these data are based on animal studies with limited numbers.
